In this project, we demonstrated the synthesis of polystyrene-polyvinylpyridyne (PS-PVP) micelles, functionalization of these micelles to form organic/inorganic composite nanoparticles, and template directed assembly of dynamic PS-PVP micelles into features defined via soft nanoimprint lithography. We demonstrated unique assembly properties of dynamic micellar nanoparticles by combining a top down lithographic nanopatterning technique with a solutionbased bottom up self-assembly. The templates for the directed self-assembly of the micelles consisted of arrays of cylindrical recess features fabricated by nanoimprint lithography. Silica was coated on this patterned substrate and subsequently selectively functionalized with a positively charged molecular monolayer (N-(3-Trimethoxysilylpropyl) diethylenetriamine) to regulate the micelle-surface interactions. The self-assembled block co-polymer poly(styrene-b-4-vinyl pyridine), (PS 480k -PVP 145k ) micelles were approximately 325nm in diameter in aqueous solutions (pH = 2.5) and 50nm in diameter in the dry state. The average number of micelles assembled per feature increased from less than 1 to 12 with increasing feature diameter in the range of 200nm -1µm. Using a 2D model for maximum packing of circles in circular host features, the effective sphere size of the micelles during assembly was calculated to be 250nm in diameter. Thus, the micelles exhibited three characteristic sizes during assembly, 325nm in bulk solution, 250nm during assembly, and 50nm in the dry state. This dramatic variation in nanoparticle diameter during the assembly process offers unique opportunities for forming nanometer scale, multidimensional arrays not accessible using hard sphere building blocks.
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Executive Summary
Control of 2&3D nanostructures with multifunction remains an unsolved challenge. This project was funded through the Sandia National Institute of Nano-Engineering (NINE) Program. This project provided unique opportunities for graduate and undergraduate students to explore fundamental nanoscience and nano-engineering with focus on specific areas, such as nanoparticle synthesis, functionalization, and self-assembly as well as 2&3D patterning.
The scope of this project reflects the urgent needs of NINE industry partners (Intel, ExxonMobil)
to fabricate scalable patterned structures for IT and to develop facile and scalable self-assembly processes for fabrication of ordered arrays, and their use as masks/templates for metallic nanostructures in enhanced plasmonic, photonic, and sensor applications.
Introduction
Multidimensional patterning with precision, speed, and reproducibility at the nanometer scale is crucial for development in many fields including memory storage, 1-3 metamaterials, 4, 5 photonic crystals, 6 plasmonics, 7-9 solar energy harvesting, 10-12 energy storage, [13] [14] [15] and tissue engineering. 16, 17 Functional, multidimensional patterns at the nanometer scale will enable novel devices and properties that cannot be realized using unstructured materials. assembly. 19 A number of research groups have followed this approach using micrometer or submicrometer sized rigid particles and patterned substrates. [20] [21] [22] [23] [24] [25] [26] One versatile approach pioneered by Xia 26 resulted in defect-free assembly of micrometer sized spherical particles over large areas.
In that study, capillary forces directed spheres into lithographically defined features during dewetting of an aqueous solution from a patterned surface. Capillary forces, however, decrease with decreasing particle size and competing effects including Brownian motion and electrostatic forces can play a significant role in assembly. Alivisatos, et. al. was able to control the assembly conditions, most notably, the template contact angle, to mitigate these competing factors and achieve accurate assembly of 50nm metallic and semiconducting nanoparticles into lithographically defined features. 27 In all these works, the physical dimensions of the assembled building blocks remained constant during the assembly process.
Herein, we investigate the potential for the template directed assembly of dynamic objects, namely self-assembled micelles. The micelles consist of a hydrophobic core (polystyrene) and a positively charged, hydrophilic shell (polyvinyl pyridine). The size of the micelles was closely related to the pH of the solution; at pH 2.5 the PVP chains are charged and thus repel each other, causing the shell to swell and the micelle diameter to reach 325nm. When dry, the micelles collapse to be 50nm in diameter. Dynamic building blocks such as these micelles offer unique opportunities for self-assembly, by allowing the formation of nanometer scale patterns and architectures that are not accessible using hard building blocks (e.g. non-close-packed structures). These micelles are also attractive as carriers of nanoparticles and other species that otherwise would not readily assembly in lithographically patterned substrates. 2, 28-30
Results and Discussion
Formation of block copolymer micelles:
Scheme 1 illustrates the self-assembly process and preparation of the monodisperse nanoparticles. We used block copolymers polystyrene-b-polyvinylpyridine (PS-PVP) as the structure-directing agent. PS-PVP does not dissolve in water directly. Our strategy to form hydrophilic nanostructures is to dissolve PS-PVP in an organic solvent that dissolves both PS and PVP blocks to form a homogeneous solution. We then protonate PVP blocks to become water-soluble, which induces self-assembly of PS-PVP to form hydrophilic nanostructures. To start the preparation, PS-PVP was first dissolved in 1 ml DMF (or THF, dioxane), which is good solvent for both PS and PVP chains. A homogeneous and clear solution was obtained. 5 ml HCl aqueous solution (pH < 4) was then injected gradually with controlled injection speed using a syringe pump into the DMF solution under mild stirring. As the acidic aqueous solution was added, the PVP block was protonated and became soluble in aqueous phase. While gradually increase of amount of the aqueous acidic solution, the solvent environment becomes poor for the hydrophobic PS blocks, and PS blocks start to aggregate to form core of the nanoparticles surrounded by protonated hydrophilic PVP blocks. After complete injection of the HCl solution, particles solution was purified by centrifuging to remove the residual DMF. After several cycles of purification, the nanoparticles were collected and re-dispersed in DI water or alcohol. During the injection course, the PS-PVP solution gradually turns to bluish color, which indicates formation of particles that scatter light. The final particles nanostructures were studied via electron microscopy (EM). Figure 1 shows the EM images of the spherical nanoparticles.
The nanoparticles have uniform size with narrow size distribution (standard deviation ~5%) and
forming ordered arrays. The size of individual nanoparticles can be controlled from 20 nm up to for those peaks related to stretching modes of the pyridine ring. Such spectral shifts have also been observed in hydrogen bonding coordination behavior in other precursors and polymer systems [27] [28] [29] . In addition to FTIR studies, we have observed that key photoluminescence peak from PS-PVP/RE composites also blue shift due to the interactions between rare earth ions and block copolymers. Electron microscopy analysis further confirms the existence of rare earth elements within micellar nanoparticles (see Figure 3 ). 
Patterning block copolymer micelles:
Micelle Packing in Patterned Substrates
Patterned substrates for the directed self-assembly of our dynamic micellar building blocks were fabricated using a soft nanoimprint lithography technique, 31, 32 useful for manufacturing large area, defect free, recessed features with varying dimensions and shapes. A simple dip coating procedure was used to drive template directed self-assembly of micelle arrays (Figure 6) .
Capillary forces alone during de-wetting (as the drying line passes down the substrate) are insufficient on their own to direct assembly of the dynamic micelles into the template features.
After dip coating nearly neutral substrates (un-functionalized silica in a pH = 2.5), directed micelle assembly was not observed; micelles non-specifically deposited within the recessed features and on the top surface of the template (Figure 7a) . It is known that electrostatics can significantly influence template directed assembly. 35 This effect is of course strongest when the particles are highly charged, as is the case for this study. Using this effect to our advantage, we This charge inversion process was vital to achieving template directed assembly of dynamic micelle arrays. Figure 3b presents an image of representative micelle assembly observed after dip coating onto substrates selectively functionalized with DEAS; micelles are directed into the recessed features during assembly with no micelles remaining on the top surface.
Previous studies have shown that the number of building blocks that can be assembled into a template feature is determined by the ratio between the dimensions of the template feature and the dimensions of the building block. 26 This relationship was studied by assembling micelles Due to the dynamic nature of the micelles, the characteristic size of our building blocks during template directed assembly was significantly different from the characteristic size of the micelles either in bulk solution or the dry state. We considered assembly after printing with 0.2mM DEAS in hexane to be the case of maximum packing. The effect of DEAS concentration on micelle assembly is presented in Figure 8 and will be explained, in detail, in the next section. 36 The average number of micelles per feature is plotted as a function of the ratio between the diameter of the host feature and the diameter of the micelles (black dots). Assuming a micelle diameter of 250nm, the counted data for N AVG as a function of feature size matches closely to the calculated maximum packing density.
DEAS (0.2mM) was compared to a 2D model for the maximum packing expected for circles in circular features. 36 Since the depth of the cylindrical features (~250nm) is less than the diameter of the micelles in bulk solution (325nm), and the micelles are repulsive, we expect monolayer packing and thus we can use this 2D model to understand the micelle assembly.
Using this 2D model, the ratio between the diameter of a host circle and the diameter of circles being packed was plotted in Figure 10 as a step function. The average number of micelles per feature as a function of the same ratio between the diameter of the template feature and the diameter of the micelle matches well to the expected trend (Figure 10) . The measured data matches the calculated step function best for a micelle diameter of 250nm. Thus, the characteristic diameter of the micelles during assembly appears to be 75nm less than the diameter in bulk solution. Figure 11 schematically shows this maximum packing of micelles when in the swollen state with a diameter of 250nm. We propose that de-swelling of the PVP shell or overlap of shells on adjacent micelles during assembly could explain the difference in micelle diameter in bulk solution and micelle diameter during template directed assembly. b) a) Figure 11 . a) Schematic of maximum packing assuming a micelle diameter of 250nm in the wet state during assembly. b) After drying, the micelles remain in their directed positions, but condense to a diameter of 50nm. The feature diameter is 530nm.
The dramatic shrinking of the micelles while remaining in a defined location, (Figure 11) and note that the particle are almost never touch in the dry state, (Figure 7b The manufacturing of nanometer scale architectures will not be possible using one of these techniques alone, however, it will be the combination of these two techniques that will be at the forefront of research involving the fabrication of functional devices with nanometer scale features. Self-assembly using dynamic building blocks presents one potential integration method. [37] [38] [39] 
DEAS Monolayer Printing and Micelle Assembly
Slight alterations in the DEAS printing protocol significantly altered the observed N AVG for a given template feature size. More specifically, the concentration of DEAS in hexane and printing time altered N AVG observed after assembly for a given feature size. We quantified this effect by studying assembly using three different concentrations of DEAS in hexane for printing while keeping the printing time constant (30 seconds). The resultant N AVG as a function of feature size for the three DEAS concentrations are presented in Figure 8 . Increasing the concentration of DEAS resulted in fewer average numbers of micelles per feature (lower N AVG , for all feature sizes).
We hypothesize that this difference in assembly could be attributed to DEAS depositing inside the recessed features during assembly through the vapor phase. DEAS printed inside cups could alter the interaction energy of the micelles with the silica surface. Micelles remain inside the recessed features during drying because the electrostatic interaction energy between the slight negative charge of the bottom of the recessed feature and the positive charge of the micelles is greater than the capillary force trying to keep the micelles in solution during de-wetting (drying).
If this electrostatic interaction energy is decreased, potentially by the deposition of positively charged DEAS molecules, the capillary force may dominate, pulling micelles out of recessed features during de-wetting.
To support this hypothesis, a lower molecular weight (higher vapor pressure) amino silane, 3-aminopropytriethocysilane (APS), was printed on the top surface of nanoimprint templates instead of DEAS, using the same printing procedure. After dip coating, the APS functionalized templates showed almost no micelles remaining on the template (inside the recessed features or on the top surface) for all three concentrations (0.2mM, 0.3mM, 0.4mM).
The APS experiment suggests that the silane volatility alters the resultant electrostatic environment of the bottom of the recessed features. While DEAS is less volatile than APS, we expect that some DEAS is diffusing through the vapor phase into the recessed features, most prominently at higher DEAS concentrations. Thus, vapor phase transport most likely contributes to the observation that increasing the concentration of DEAS resulted in few micelles per feature.
Conclusion
Here we demonstrated the synthesis of PS-PVP micelles, functionalization of these micelles to form organic/inorganic nanoparticles, and template directed assembly of dynamic PS-PVP core-shell micelles into features defined via soft nanoimprint lithography. Capillary forces alone were insufficient to direct micelles into the template features. A positively charged molecular monolayer was selectively printed on the top surface of the patterned template providing a surface with coupled topographic and electrostatic features. This monolayer was essential to achieving successful micelle assembly over large areas. The dynamic micelles had 3 characteristic diameters observed at different stages of the assembly process: 325nm in bulk solution, 250nm during assembly, and 50nm in the dry state. This work here is the first example of assembly of dynamic objects into topographic features, and we expect that these three dramatically different dimensions could be exploited for applications in nanometer scale assembly that cannot be achieved using hard sphere particles. 
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